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R PREFACE. 

A T the request of the American Committee for the 
-^^ First International Congress of Refrigerating 
Industries, the author consented to prepare a paper 
for the Congress on the subject — "The Production of 
Cold by the Compression of Liquefiable Gases and 
other Methods." 

During the author's continuous practice of re- 
frigerating engineering, since 1891, he has accumu- 
lated an extensive mass of data from his practical 
experience and from numerous tests of compression 
and absorption systems of refrigeration. 

Although such data is usually reserved as a pri- 
vate personal asset, the author was tempted to and 
has given in this paper a great deal of such data 
that he would not have done for an occasion less 
momentous than an International Refrigerating Con- 
gress. The data as given should enable refrigerating 
engineers to more readily, and with less labour on 
their parts, solve all problems of capacity and economy 
of a compression or an absorption system, or of their 
combinations. Through the kindness and courtesy of 
Sec. J. De Loverdo of the Congress, the author has 
his permission to publish this paper in advance of 
the congressional publications that will appear at a 
later date. The author hopes that his humble efiorts 
may prove of value to his brother refrigerating en- 
gineers, and that they may ever strive to give out 
their own personal data for the general good of the 
Refrigerating Engineering Fraternity. 

GARDNER T. VOORHEES. 



Refrigerating Machines : 

Compression, Absorption. 

THIS subject is, in efiFect, the mainspring of 
mechanical refrigeration, as without the 
machine to produce the refrigeration, there is 
no necessity of discussing how, when, or where to 
apply such refrigeration. The so-called production 
of cold is indirectly accomplished by the compression 
of liquefiiable gases, in that the gases, through the 
process of compression, are prepared for condensation, 
and are as liquids re-evaporated or expanded into their 
gases, thereby producing refrigeration, which is 
commonly called cold. 

First, let us take up the production of refrigeration 
(cold) by the evaporation of volatile liquids and the 
reliquefication of their gases by compression. 

Cold is a relative term used only in comparing the 
temperatures of two bodies; one body may be cold 
when compared with another body, or hot when com- 
pared with still another body. Boiling water on a hot 
stove is cold compared with the stove, and hot com- 
pared with ice. Water will be cooled by a block of 
ice, and anhydrous ammonia heated by the block of 
ice. Practically all known substances have three 
distinct states, which are solid, liquid, and gaseous. 
In each state the substance is either hot or cold as 
compared with its temperature in another state. 
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Everyone is familiar with the three states of water, 
which are ice, water, and steam, the solid state as ice 
being the coldest, the liquid state as water being the 
next hottest, and the gaseous state as steam being the 
hottest. 

Likewise many other substances have their three states 
as solid, liquid, and gaseous, with like relative degrees 
of heat or cold, from where the liquid is very hot to 
where it is very cold, as, for example, from platinum 
to hydrogen. Such a scale of substances and the tem- 
peratures of the freezing and boiling points is as 
follows : Each substance is a vapour or gas after being 
heated above its boiling point, and a solid after being 
cooled below its freezing point. All temperatures in 
this paper are hereafter given in Fahrenheit degrees. 



Substance. 


Freezing Point. 


Boiling Point. 


Cast-mm ... 

Water 

Air 


2200° 

32° 

—340° 


3300° 

212° 

—312° 



Here we have solid water, solid iron, and solid air; 
liquid water, liquid iron, and liquid air; and gaseous 
iron, gaseous water, and gaseous air. We might speak 
of them as iron ice, water ice, and air ice; or water 
iron, water water, and water air; or iron steam, water 
steam, and air steam. Using such expressions, a block 
of water ice is cold to a block of iron ice, and hot to 
a block of air ice. 

Hereafter when the word vapour is used it generally 
means the gaseous state of a substance at the tempera- 
ture of its boiling point, and when the word gas is used 
it generally means a vapour that is superheated or 
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above the temperature of its liquid's boiling point, all 
at the pressure of the liquid's boiling point. 

In this paper we are not directly concerned with the 
solid states of substances, as that properly comes 
under the head of ice making. Briefly stated, we have 
here to deal with refrigerating machines, and this 
paper will confine itself to machines that produce 
refrigeration through the expenditure of heat as such 
or through the expenditure of mechanical energy, or 
through a combination of both. In all such classes of 
refrigerating machines, the refrigeration is produced 
either by the evaporation or expansion of a volatile 
liquid or by the expansion of a gas while doing external 
mechanical work. Such machines can be divided into 
two great classes : 

Vapour Machines. 
Gas Machines. 

For brevity, let us omit all historical mention of 
the various machines, as such information is not of 
material moment to this paper, and is available in the 
many books on this subject. 

Vapour machines are those wherein refrigeration is 
done by the evaporation of a liquid into its vapour. 
In some of these machines the vapour so formed is 
thrown away, but in most cases the vapour is reliquefied. 

In the gas machine the refrigeration is produced by 
compressing a gas, then abstracting its heat of com- 
pression, and then expanding it behind a moving piston 
that does external mechanical work; the gas in doing 
external mechanical work loses part of its heat energy, 
which is transformed into mechanical energy, so that 
the gas is cooled by its loss of heat energy. Machines 
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of this class are usually operated with air as the 
refrigerating medium, and, although formerly used 
extensively, are now, in the United States at least, 
but little used because of their supposed inefficiency as 
compared with vapour machines. 

Gas machines, commonly called cold air machines, 
usually compress the air and cool it after compres- 
sion to within 20° of the temperature of the cooling 
water available, and then expand the compressed air 
in an engine. The expanded cold air is then circulated 
either directly through chambers to be cooled or 
through a closed pipe circuit directly to the suction inlet 
of the air compressor cylinder. In the cold air machine 
with the closed pipe circuit much of the inefficiency and 
loss due to moisture in the air is eliminated. The cold 
air from machines of this class often leaves the engine 
cylinder at from 50° to 80® below zero. 

VAPOUR MACHINES. 

Were it not for the cost of the volatile liquid all such 
machines would be extremely simple, as they would 
only require that a volatile liquid should be evaporated 
in a refrigerator and the resultant vapour thrown away. 
It is the recovery of this vapour that calls for the so- 
called refrigerating machine. 

Vapour machines can be divided into two classes — 
Mechanical Compression Machines, hereafter called 
Compression Machines, and Heat Compression 
Machines, hereafter called Absorption Machines. All of 
these machines depend upon the physical properties of a 
volatile liquid in taking up the latent heat of vaporisa- 
tion when it changes its form from a liquid to a vapour. 
Everyone is familiar with the action of water, which 

8 
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would make a most ideal volatile liquid for refrigera- 
tion if its temperature place in the scale of substances 
were not too high for general practical use. Water a;t 
atmospheric pressure requires approximately 965 British 
Thermal Units (hereafter called B.T.U.) to change its 
state from liquid to vapour. If it were desired to 
refrigerate any substance at a temperature of, say, 
300°, then water at atmospheric pressure would 
evaporate at 212° and refrigerate said substance. In 
many cases, however, all of the refrigeration of a plant 
is indirectly done by the evaporation of water, as when 
the cooling water for the condensers is cooled by its 
evaporation in a cooling tower. As we see, water at 
ordinary pressure is not what we look on as a refrigerant 
liquid, so other liquids having lower boiling points at 
atmospheric pressure are commonly used, such as 
sulphuric ether with a boiling point of 96°, sulphur 
dioxide with a boiling point of 14°, anhydrous ammonia 
with a boiling point of — 29*^, and carbonic acid with a 
boiling point of — 124®, etc. Each of these refrigerant 
liquids has its advantages and disadvantages over the 
other refrigerant liquids mentioned. Some of them 
attack one metal, others do not; some require exces- 
sively high condenser pressures, others excessively low 
refrigerator pressures ; some large compressor cylinders, 
some small compressor cylinders ; some of the vapours 
are comparatively harmless when breathed by man, 
while the vapours of others when breathed even in small 
quantities are often fatal ; some are inflammable, and 
when mixed with air are explosive, others are not; 
and so on. 

The purposes of this paper will be best served in not 
going further in detail into the desirability or undesir- 
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ability <rf one refrigerant fluid over another, except to 
say that ammonia and carbonic acid are the refrigerants 
most used to-day, ammonia being greatly the pre- 
dominant refrigerant in use. 

It is well known that the boiling point of a liquid, 
which is the same as the condensing point of its 
vapour, is raised or lowered as its pressure is raised or 
lowered ; herein lies the principle of vapour machines. 
The liquid is evaporated at a low pressure, which 
does refrigeration by taking up latent heat in evaporat- 
ing at a low temperature ; the vapour so formed is com- 
pressed to a high pressure, so that its condensing 
point is above the temperature of the available con- 
densing water. 

Heat, like water or electricity, only flows from 
a higher level to a lower level, and the sole 
object of the refrigerating machine is to elevate the 
heat abstracted at a low level to a level sufficiently 
high so that it can be dumped into a convenient waste 
heat drain. 

Just as one would remove water from a flooded 
cellar by lifting it with a pump and discharging 
it into the street gutter, so the vapour refrigerating 
machine lifts the heat absorbed at the low temperature 
to a higher temperature, where it can be dumped into 
the condensing water, so that in reality the refrigeration 
done is indirectly accomplished by having a supply of 
condensing water to dump heat into. 

The heat taken from a pound of water at, say, 32^ 
in freezing it into ice is dumped into condensing water 
at, say, 70°, which raises the temperature of, say, 14.4 
pounds of water to 80*^ ; this is without considering the 
heat of compression which will be taken up later. 

10 
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It seems to be well established that so long as a 
refrigerant fluid is adapted to the temperature 
required, it is not material what refrigerant liquid is 
used, so far as the efficiency of the machine is con- 
cerned, when the refrigerant fluids work between fixed 
refrigerator and condenser temperatures. 

The Vacuum Machine may be either of the com- 
pression or absorption type or a combination of both. 
In its simplest form it does refrigeration by the 
evaporation of water at a pressure very near a perfect 
vacuum, but as the water vapour so formed is of great 
volume, it requires very large compressor cylinders to 
exhaust it, and to discharge it into the atmosphere, so 
an absorbent for water vapour as sulphuric acid is 
used, and so the compressor cylinder is reduced to one 
of comparatively small size, having the function to 
remove the air that is left after the water vapour has 
been absorbed by the sulphuric acid. Machines of 
this type are but very little used in the United States. 

A machine of this type, called the Patten machine, is 
used in a few instances, and ice-making plants of this 
system of some considerable capacity have been erected, 
and their successful operation has been witnessed by 
the author. 

In absorption machines the operation is parallel 
to that of the compression machine, except that the 
ammonia vapour from the refrigerator is absorbed in 
an absorber by weak aqua ammonia, thereby giving 
strong aqua ammonia. The strong aqua is pumped 
from the absorber into a still, wherein it is heated, and 
the ammonia vapour is distilled from the strong liquor 
into a condenser, and the weak liquor is returned to 
the absorber. The absorber is equal in effect to the 

II 
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stuitian stroke of the compressor, a/n/d the still is 
equal in effect to the compression stroke of the 
compressor. 

This paper will deal only with ammonia as the 
refrigerant fluid. Anhydrous ammonia has a varying 
latent heat of evaporation and cx>ndensation due to its 
pressure. In this paper the ammonia tables of Wood 
as recalculated by Davidson have been used, as given 
in the "Compend of Mechanical Refrigeration," by 
Siebel, published by the Nickerson and Collins Co., of 
Chicago, U.S. A. The specific heat of liquid ammonia 
is assumed to be as one, and the specific heat of 
ammonia gas at constant pressure is assumed to be 
.532, both as compared with the specific heat of 
water as one. 

The following is a part of the report of the com- 
mittee of the Am. Soc. Mech. Engs. for suggesting a 
standard tonnage basis for refrigeration: "The unit 
adopted to measure the cooling efiFect, or the refrigera- 
tion, is the heat required to melt one pound of ice, 
which is 144 Britiish thermal units, and by dividing 
the refrigeration measured in B.T.U. by 144 the ice- 
melting capacity in pounds is obtained. The unit for 
a ton (2,000 lbs.) of ice-melting capacity is therefore 
288,000 B.T.U. . . . The commercial tonnage 
capacity is the refrigerating effect expressed in tons 
of ice-melting capacity produced by a machine in 
twenty-four hours when running continuously under 
the standard set of conditions. . . . The best set 
of conditions to adopt seems to be those which often 
exist in ice-making, namely, that the temperature of 
the saturated vapour at the point of liquefaction in the 
condenser be 90° Fahrenheit, and the temperature of 

12 
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evaporation of the liquid in the refrigerator be zero 
degrees Fahrenheit." 

The committee has gone further in detail at some 
length in this matter, and has submitted other pre- 
liminary reports, and has proposed rules for test, etc., 
but as yet the final report on the subject has not been 
rendered. 

From the above we have 288,000 B.T.U. per twenty- 
four hours as a ton of refrigeration. Zero degrees 
Fahrenheit equals refrigerator temperature, equals 
15 lbs. per square inch gauge approximately. 90° Fahr. 
equals condenser temperature, equals 170 lbs. per 
square inch gauge condenser pressure approximately. 
As there are 1,440 minutes in 24 hours, a ton of 
refrigeration = ^HH^ = 200 B.T.U. per minute to 
equal <Mie ton of refrigeration per 24 hours. 

In this paper these figures will be used for a standard 
ton of refrigeration for comparison — that is, we will 
use 200 B.T.U. per minute per ton of refrigeration 
per 24 hours, and assume a standard ton of refrigera- 
tion to be done at 15 lbs. refrigerator and 170 lbs. 
condenser gauge pressures in pounds per square inch 
above the atmosphere. 

From the ammonia tables the latent heat of evapora- 
tion and condensation at various pressures and the 
volume of a cubic foot of vapour at various pressures 
and the relation of the boiling point and pressure can 
be found, and have been used as from these tables 
(Compend Tables before mentioned) in all the work 
that follows. 

Ammonia in doing refrigeration first flows as a liquid 
from the condenser through an expansion valve, where 

its pressure is reduced from that of the condenser to 

) 
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that of the refrigerator, m the standard condition from 
170 lbs. to 15 lbs. The temperature of the liquid 
to the expansion valve is 90*^ and after the expansion 
valve at 15 lbs. is zero degrees. This reduction in 
temperature of the liquid ammonia is caused by the 
evaporation of a portion of the liquid, which thereby 
through its latent heat cools the balance of the liquid 
to the refrigerator temperature of zero degrees. From 
the tables the latent heat of evaporation at 15 lbs. 
is 556 lbs. B.T.U. per pound,\to cool the ammonia 
from 90** to 0° or through a range of 90° requires 
90° — ' 0° = 90°, and 90° X the specific heat of liquid 
ammonia or 90^ x i = 90 B.T.U. , so that the nett 
B.T.U. left available to evaporate the balance of the 
pound of liquid ammonia to its vapour to do refrigera- 
tion is 556 — ^90 = 466 B.T.U., and as 200 B.T.U. 
per minute are required to produce one ton of refrigera- 
tion, the pounds of ammonia per ton of refrigeration 
per minute are ^ = -43 ^^* P^^ minute. The amount 
of liquid evaporated in cooling the liquid from 90° 
to 0° is ^= .1(52, so that as the ammonia enters 
the refrigerator it is practically 16% vapour and 
84% liquid. The pounds of ammonia per minute 
per ton of refrigeration and the percentage of liquid 
evaporated at the expansion valve are given in the 
following table, which results were obtained as above 
described. All pressures are gauge pressures and 
all temperatures Fahrenheit degrees. 

The method of applying the cooling eflFect of 
ammonia varies ^atly, but this general principle can 
be laid down as giving the best results for the least 
square feet of sprface of pipe used in the refrigerator, 

14 ^ 
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?uive as much a/mmonia liqu4d and as little ammonia 
gas in contact with the cooling coils as is possiUe. 

The reason for this is that gas transmits heat only 
about I -30th as fast as does liquid. 

Also have the substance to he cooled (as say brine) 
in rapid circulation in contact with the sv/rfa^e cooled 
by the amm>onia liquid. 



Condenser pressure \\ 
Condenser temperature 


140 lbs. 
80« 


170 lbs. 
90** 


200b 
100» 


Refrigerator pressure lbs. 
Refrigerator temperature —29** 


.431 lb. 
19.0% 


.441 lb. 

2O.80/0 


.461 lb. 
22.5% 


Refrigerator pressure > 16 lbs. 
Refrigerator temperature 0® 


.420 lb. 
14.4% 


.430 lb. 
16.2% 


.440 lb. 
18.0% 


Refrigerator pressure 30 lbs. 
Refrigerator temperature W 


.415 lb. 
11.6% 


.425 lb. 
13.4% 


.434 lb. 
16.2% 



The b^t refrigerator of to-day is the brine cooler, 
where the ammonia liquid boils in contact with pipes 
through which brine to be cooled is rapidly circulated. 
There are many types of such brine coolers, and all 
have certain advantages or disadvantages one over the 
other, which will not be discussed in this paper. The 
next nearest approach to the brine cooler in efficiency 
of pipe surface is the flooded system of Krebbs, where 
the ammonia liquid is as free from vapour in the pipe 
coils as is possible. The ordinary expansion coils are 
usually governed by an expansion valve to each coil, 
which require much attention to regulate, and which 
give inefficient results as compared with the same 
surface in a brine cooler or in a flooded system. 

The general way to operate such expansion coils is, 
with downward expansion for absorption machines, to 

15 
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take care of the water that is entrained in many absorp- 
tion machines, and upward or downward expansion for 
compression machines. Ammonia liquid and gas flow 
down the coil with downward expansion and up the 
coil with upward expansion. In the flooded system 
the coil is usually fed from the bottom, and is as full 
of liquid as it can be, allowing for the gas that must 
necessarily be there, that is formed during the evapora- 
tion of the liquid in the coil. 

The author's experience is that, owing to the many 
practical difficulties in operating direct expansion 
plants, more capacity and better economy are realised 
whether the plant be for refrigeration or ice making by 
operation ttnth a brine cooler than by any other way 
now known to him. 

What has been said above applies either to the com- 
pression or the absorption system, and we are now 
supposed to have done refrigeration by evaporating 
liquid ammonia in the refrigerator into its vapour, and 
now wish to reliquefy the vapour so as to re-use it in 
the form of a liquid. This will be taken up under two 
systems, the compression system and its modification, 
the Multiple Effect Compressor System, and the absorp- 
tion system, and a combination of the compression and 
absorption systems and a combination of the multiple 
effect compressor system and the absorption system. 

In the compression system the vipour from the 
refrigerator is pumped into the ccmdenser by a gas 
pump. 

There are many forms of such gas pumps called 
compressors, such as single acting vertical, double 
acting vertical, double acting horizontal, wet or drj 
compression. The same general principles apply to all, 

i6 
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which are that during the suction stroke of the piston 
the ammonia vapour is drawn into the cylinder past 
a suction valve, and during the compression stroke the 
ammonia gas is compiessed and discharged past a 
discharge valve into the condenser. A prime require- 
ment for all types of compressors is that there shall 
be little or no clearance at the end of the compression 
stroke in the cylinder, for if there is the gas so held 
in the clearance space will re-expand like a piece of 
compressed rubber on the next suction stroke, and so 
prevent a full cylinder of new vapour from being taken 
in on the next suction stroke. 

The areas of the suction and discharge pipes 
and the suction and discharge valves should be 
ample, so as not to have a materially lower 
suction pressure or higher discharge pressure in 
the cylinder than exists in the refrigerator or the con- 
denser, for a reduced suction pressure in the cylinder 
means reduced capacity, and an increased discharge 
pressure means increased power to drive the compressor. 
The piston and valves should be tight as against leak- 
age of ammonia passed or through them. 

The Dry Compressor takes the vapour or gas from 
the refrigerator and compresses it and discharges it 
into the condenser, and the compressor cylinder is sur- 
rounded by a water jacket to take up part of the heat 
of compression. The Wet Compressor takes in the 
vapour and some liquid (either from the refrigerator 
or from the condenser), and has no water jacket, but 
depends upon the latent heat of the liquid taken in 
with the vapour to reduce the temperature of the gas 
during compression. No attempt will be made to dis- 
cuss the merits of either the wet or dry, single or double 
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acting systems, as that will come in under other papers. 
This paper will deal with the Boyle type of com- 
pressor, which is a vertical, single acting, dry com- 
pressor. All figures on its performance are such that 
for any other type of compressor they can be used with 
such modifications as are desired, due to the different 
volumetric efficiency of any other type of compressor. 

With the Boyle type of compressor little or no super- 
hea4ivng of the vapour above the temperature of the 
liquid in the refrigerator should occur before the 
vapour enters the compressor, and in all calculations 
to follow, the temperature of the vapour to the com- 
pressor has been assumed to be that of the liquid 
evaporating in the refrigerator. 

In the steam engine cylinder condensation occurs, 
due to the fact that the cylinder walls are colder than 
the incoming steam, so in the compressor cylinder a 
like action takes place, only reversed. Whereas the 
walls of the steam engine cylinder took heat from the 
steam and partly condensed it, the walls of the com- 
pressor cylinder give heat to the vapour, and so 
increase the bulk of a given weight of vapour, and 
prevent taking in a cylinder full of vapour at the 
density due to the temperature at which it enters the 
compressor cylinder. For steam engines it has been 
pretty well demonstrated that for a given cylinder the 
cylinder condensation is proportional to the diflFerence 
in temperature of inlet and outlet steam. 

Let us apply this theory to the compressor to 
determine its volumetric efficiency. 

The only complete published compressor tests known 
of by the author that were made by a competent dis- 
interested authority are those given in Vol. XII., 1890, 
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of tiie transactions of the Am. Soc. Mech. Engrs., by 
Prof. J. E. Denton, on a i2in. x 3oin. two-cylinder 
vertical, single-acting Boyle compressor, driven by a 
vertical simple Corliss engine. In these tests 
the volumetric efficiency of the compresior, which 
is the ratio of the actual weight of ammonia 
pumped to the theoretical weight that should he 
pumped, ranges from 73-5% to 84%. The volu- 
metric efficiency of his exact test No. i at 28 lbs. 
suction and 151 lbs. condenser gauge pressure is 84%. 
For adiabatic compression of ammonia gas, that is 
compression without loss or gain of heat, Prof. Denton 

(Pi \ .24 
p" / 
Ti = Absolute temperature of gas 

after compression = tj -f- 460 
To = Absolute temperature of gas 

to compressor = t^ -f- 460 
Pi = Absolute pressure of gas after 

compression = Pi + 14.7 
Po = Absolute pressure of gas before 

compression = p^ -f- 14.7 
ti = Theoretical temperature of gas Fahr. degrees 

after compression, 
to = Temperature gas Fahr. degrees before com- 
pression. 
Pi = Gauge condenser pressure lbs. per square inch. 
Pjj = Gauge refrigerator pressure lbs. per square inch. 
By the use of this formula the theoretical tempera- 
ture of gas at discharge from the compressor can be 
determined for any desired case. I have worked out a 
number of such cases from my own observation and 
from Denton's tests, and have derived the following 
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formula for the volumetric efficiency of the com- 
pressor. By using the volumetric efficiency and differ- 
ence in temperature of gas after and before compression 
of Denton's No. i test above referred to (the tempera- 
ture after compression being the theoretical temperature 
deduced from the above formula), we get the following 
constant: ti — t© = 214°, volumetric efficiency = .84, 

214 
.84 = I , X = 1330, E = I 



(— ) 

\ 1330 / 



where E is the volumetric efficiency of the compressor. 

This formula for the volumetric efficiency of the 
compressor is the first formula of its kind that has ever 
been published, to my knowledge, and gives results 
that vary less than one per cent, from the volumetric 
efficiency actually found in Denton's eight tests before 
referred to. 

From Denton's tests there is an average reduction 
of 57° below the theoretical for the temperature of the 
gas discharge from the compressor for his eight tests. 
The following table gives the theoretical discharge 
temperatures and volumetric efficiencies as worked out 
by the formula, and the actual cubic feet of displace^ 
ment of compressor per ton of refrigerator per minute 
for the gauge condenser and sucticMi pressures given : 



Suction 
Pros, 
sures. 




Condenser Pressures. 

1 




140 


170 


200 





^ 1 

F ' 


323^ 

.76 

10.35 


368«> 

.73 

11.02 


388« 

.71 

11.67 


16 


^ 1 

F ' 


221** 
.83 
4.67 


264* 
.81 

4.78 


280» 
.79 
5.03 


90 


F 


.87 
2.96 


192« 
.86 
3.07 


216' 
.84 
3.21 



20 



EEFRIGERATING MACHINES. 





ATMOSPHERIC 



Figs, i and •. 
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F = actual cubic feet of displacement per minute 
for compressor per t<Mi of refrigeration, taking into 
account the volumetric efficiency of the compressor; 
in other words, F = the actual displacement in cubic 
feet per minute of the compressor to do one ton of 
refrigeration, and not the theoretical displacement in 
cubic feet per minute. 

From this table at 15 lbs. suction and 170 lbs. con- 
denser pressure the theoretical discharge temperature 
of gas from the compressor is 254*^, the volumetric 
efficiency 81%, and the actual displacement of the com- 
pressor per minute per ton of refrigeration is 4.78 
cubic feet. 

Now, it is desired to know how much power it takes 
to drive the compressor, and to determine this we must 
take an indicator card from the compressor, and study 
it and find the horse-power of the compressor, and 
then determine the horse-power of the engine to drive 
the compressor. 

Fig. I is an indicator card from a compressor, A B 
is the suction line, where distance BA is 15 lbs. to 
scale, B C is the compression line, C D is the discharge 
line, the distance DA being 170 lbs. to scale, and 
D A is the drop in pressure from the end of the dis- 
charge to the beginning of compression. 

Let us now reproduce the card of fig. i in fig. 2, 
and draw on it the vacuum, adiabatic and isothermal 
lines. The vacuum line is 14.7 lbs. to scale below 
the atmospheric line ; line B C will follow the adiabatic 
line if no heat were gained or lost by the gas during 
compression (outside of the heat given to the gas by 
compression) almost exactly as shown for almost its 
entire length. Line B C would follow the isothermal 
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line if the gas were compressed at a constant 
temperature. 

For methods of construction of these curves and 
for determining the proper or improper operation of the 
compressor through their relations to the compression 
line be (see "Indicating the Refrigeration Machine/' 
by Voorhees, published by Nickerson and Collins G>., 
Chicago^ U.S.A.) In this book simple constants are 
given whereby the adiabatic and isothermal lines can 
be easily and quickly laid out on any indicator card. 

The isothermal compression of ammonia vapour is 
only theoretically possible, and is never approached 
with a dry compression machine in good order. 

The adiabatic line is the curve that the compression 
line will almost exactly follow, and depart from it 
only as shown. 

In hundreds of indicator cards I have taken from 
compressors in good condition I find that the above 
relation of the compression and adiabatic line is 
always maintained. 

If the compression line h c does not almost exactly 
follow the adiabatic a>s shown there is something 
radically wrong with the compressor, as is fully 
explained in " Indicating the Refrigerating Machine. ' ' 

Quoting from Professor Denton's tests, " No sensible 
change in the law of compression can be found ; the 
(water) jacket may remove upward of half the heat 
represented by the power spent in compression, and 
yet not sensibly reduce the amount of the latter." 

The Mean EflFective Pressure of the indicator diagram 
is the average pressure the piston works against in 
compressing the gas, and, assuming an adiabatic com- 
pression, the mean eflFective pressure (hereafter called 
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M.E.P.) has been calculated for various suction 
and condenser pressures, and also the maximum 
M.E.P. and the percentage of stroke at which the dis- 
charge valve opens. The results of these calculations 
are given in the curves and formula on Plate I., which 
the author first published in Ice tmd Refrigeration 
in July, 1902. In a series of articles entitled " Analys- 
ing the Compressor ' ' that appeared in Ice and 
Refrigeration in 1901 and 1902, the author deduced 
by the calculus the expression for the M.E.P. of the 
adiabatic ammonia indicator diagram, which was the 
first time that such an expression had been deduced 
and published. The value arrived at was 



M.E.P. = 4,333 po 



(^)^^. 



Po = absolute suction pressure lbs. per square inch. 

Pi = absolute condenser pressure lbs. per square inch. 

The value of the maximum M.E.P. occurs when 

Pi 
Po = 

The percentage erf stroke as A B of fig. i or V^ of 
curves Plate I. — during which gas is discharged into 

.'- ".A 

th^ condenser, is v^ 



- (^) 



Having the M.E.P. of the compressor indicator 
card, the compressor horse-power is readily found by 
the following formula: 
C.H.P. = M.E.P. X F X .00437. 
C.H.P. = compressor horse-power. 
M.E.P. = M.E.P. 

F = actual displacement of compressor in cubic 

feet per minute. 
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Denton's tests before mentioned give the friction of 
the compressor and its engine as 33j4% of the com- 
pressor horse-power, or 25% of the engine horse-power. 
The author has found such a friction load well borne 
out in many tests he has made on several different 
makes of dry compressors, and, although many machine 
Suilders claim that their compressors require much less 
friction than this, the author believes that these results 
as obtained by Denton from a first-class machine in 
first class condition, and operated under favourable 
conditions, are such that he would hesitate to use a 
friction load ci less quantity in any work that he was 
responsible for. 

It is very misleading when one speaks of the friction 
of a compressor as, say, 20%, for it is left indefinite 
as to whether it is 20% of the engine horse-power or 
'20% of the compressor horse-power. As all calcula- 
ti<»is of the compressor must be deduced from the 
horse-power of compressor cylinder, it is much better 
to always refer to the friction of the compressor in 
terms of the compressor horse-power. The friction 
will be taken as 33>4% of the compressor horse-power, 
or 25% of the engine horse-power in the work that 
follows. This will give the engine horse-power by the 
following formula: 

C.H.P. 
E.H.P. = . 

E.H.P. = Engine horse-power. 

In the following table the mean eflFective pressure, 
compressor horse-power, and engine horse-power, where 
the volumetric efficiency of the compressor is, as before 

C.H.P. 

deduced, arc given, and where the E.H.P. = , 

•75 
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for the gauge condenser and suction pressures as given. 
From this table for 15 lbs. suction and 170 lbs. con- 
denser pressure, the mean effective pressure is 67, the 



Suction 
Pressures. 




Condenser Pressures. 


140 


170 


200 





M.E.P. 
C.H.P. 
E.H.P. 


46.5 
2.10 
2.80 


50.5 
2.42 
3.23 


55.0 
2.78 
3.71 


15 


M.E.P. 
C.H.P. 
E.H.P. 


59.5 
1.19 
1.59 


67.0 
1.40 
1.87 


74.5 
1.64 
2.19 


30 


M.E.P. 
C.H.P. 
E.H.P. 


64.6 
.83 
1.11 


76.0 
1.00 
1.33 


85.0 
1.19 
1.59 



compressor horse-power 1.40, and the engine horse- 
power 1.87 per ton of refrigeration. 

Plate II. shows curves A for the indicated horse- 
power of engine, B for the actual cubic feet displace- 
ment per minute of compressor, and C for the 
volumetric efficiency of compressor; for single acting 
ammonia dry compression machines for gauge suction 
pressures from zero to 30 lbs. per square inch, and 
for gauge condenser pressures of 140, 170, and 
200 lbs. per square inch, per ton of refrigeration per 
twenty-four hours. 

For example, for 15 lbs. suction pressure and 
170 lbs. condenser pressure for one ton of refrigeration 
per twenty-four hours, the indicated engine horse- 
power is found at a as 1.87 ; the cubic feet displace- 
ment per minute of compression is found at b, and is 
4.78, which is net, account having been taken of the 
volumetric efficiency of the compressor. The volu- 
metric efficiency of compressor is found at c, and is .81. 
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The indicated engine horse-power is in all cases the 
indicated compressor horse-power divided by .75, so 
the compressor horse-power in this case is 1.87 x .75, 
or 1.40. 

Likewise any other compressor horse-power can be 
' found. 

Should the friction horse-power of the machine be 
different from that which has here been used, the 
engine horse-power can be found as follows: If the 
friction horse-power of the machine is such that E.H.P. 
equals C.H.P. divided by .85 in place of C.H.P. 
divided by .75, then the new engine horse-power is 
found by first obtaining the compressor horse-power as 
above, which is 1.40, and dividing 1.40 by .85, which 
equals 1.65 engine horse-power, and so the engine 
horse-power for any other case may be readily found. 

If a diflFerent volumetric efficiency is to be used, say 
for 15 lbs. and 170 lbs. of 60% in place of 81% as 
here used, take the cubic feet displacement per ton 
from the curve and multiply by the volumetric 
efficiency from the curves, and divide by the desired 
volumetric efficiency, which, in this case, is 4.78 x .81 
-r .60, which equals 6.46, which means that 
with 60% volumetric efficiency 6.46 cubic feet per 
minute must be displaced to give one ton of refrigera- 
tion. 

But t?ie engine horse-power curves only hold 
good for the voliimetrie efficiency and displcLcemenU 
as given by the companion curves. The E.H.P. curves 
can be used for any other ratio of E.H.P. and C.H.P., 
so long as the volumetric efficiency remains the same as 
shown by the curves. For a difiFerent volumetric 
efficiency, to find the horse-power requires the follow- 
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ing calculation: In the previous example, for 60% 
volumetric efficiency it was found that the displace- 
ment was 6.46 cubic feet per minute, and the com- 
pressor horse-power for this condition will be found by 
multiplying the displacement 6.46 by the mean effective 
pressure by the factor .00437. From the M.E.P. 
curves the M.E.P. for 15 lbs. suction and 170 lbs. 
condenser pressure is found to be 67, so the C.H.P. in 
this case is 6.46 , x 67 x .00437, or 1.89, and if the 
E.H.P. equal C.H.P. divided by .85, then the E.H.P. 
in this case is 1.89 divided by .85, which equals 2.23. 

By the use of these curves (Plate II.) and rules, and 
knowing the volumetric efficiency and the value of 
C.H.P. divided by E.H.P., the capacity and power to 
operate any other type of compressor, whether it be 
single or double acrion, horizontal or vertical, wet or 
dry compression, can readily be foimd. 

From observations in practice, and from theory as 
well, the volumetric efficiency of a dry compressor 
and its capacity to do refrigeration at a fixed speed 
and at fixed suction and condenser pressures is greatest 
when the vapour from the refrigerator comes to the 
compressor with little or no superheat, 30° super- 
heat of the suction gas between the refrigerator and 
compressor reduces the capacity of the compressor 
4%, and ICO*' superheat reduces the capacity 9%. 
This is because of the increased volimie of a given 
weight of gas due to superheating, and because 
of the reduced volumetric efficiency due to the higher 
discharge temperature, more than overbalanced the 
refrigeration gained by using the specific heat of the 
cold vapour from the refrigerator to do refrigeration. 
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Although the temperature of the liquid to the expan- 
sion valve has been used as that due to its condenser 
pressure, this temperature in well-built condensers 
with liquid cooling apparatus (water cooled) will be 
reduced to within a few degrees of that of the coldest 
condensing water, as, for example, with 74° water the 
temperature of liquid to the expansion valve for 15 
and 170 lbs. pressure can be 76° in place of 90°, 
whereby 90® — 76° = 14°, and 14 x i = 14 B.T.U. 
per lb. liquid ammonia will be saved, which will 

increase the capacity of the compressor = 3%, 

466 

and will reduce the horse-power per ton to 97% of that 
required if the liquid to the expansion valve were 90° 
in place of 76° 

The subject of condensers will not be taken up at 
length, except to say that of the many types, such as 
submerged, atmospheric, double pipe, etc., etc., for 
plants of any considerable size, the atmospheric type 
in a raised exposed location, roofed over and with 
louvred sides, is the best, and for mch condensers the 
following rule is laid down — that tidth liberal surface 
they will give temperatures of condensation and pres- 
swres corresponding thereto as per cmtmonia tables of 
10° higher tham, the average temperature of the water 
to and from the condenser ; this for either compression 
or absorption machines with two gallons of water per 
ton per minute for all purposes and 1.8 gallons per ton 
per minute to the condenser. In all calculations for 
both compression and absorption machines in this 
paper two gallons of condenser water per ton of 
refrigeration per minute for all purposes has been used. 
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Great caxe should be taken that the expansion valves 
are below the liquid receiver of the condenser, and that 
the liquid lines from the liquid receiver do not have 
traps or pockets, and that the liquid lines shall not be 
run through places Vanner than the condensing 
temperature, or, if so, that gas traps should be pro- 
vided at the expansion valves to conduct gas formed in 
the liquid pipes back to the condenser, so that it does 
not pass through the expansion valve and so greatly 
reduce the capacity of the machine and greatly increase 
the power to operate it. 

In general, always be sure by means of gauge glasses 
provided with automatic self-closing gauge cocks that 
nothing but liquid is going to the expansion valve, and, 
if possible, cool the liquid by means outside the 
machine, as by cooling water to a temperature lower 
than that due to the condensing pressure of the 
ammonia. 

When apparently solid liquid at near its con- 
densing temperature passes the expansion valve, the 
author believes that there is a large quantity of imcon- 
densed gas in this liquid not optically visible but c<mi- 
tained in the space between the liquid molecules which 
accounts for the poor results often obtained with high 
condensing pressures and temperatures of liquid to the 
expansion valve very near the condensing temperature 
of the ammonia. 

MULTIPLE EFFECT COMPRESSOR 
(Voohees* Patent). 

A simple form of the multiple effect compressor is 
shown in fig. 3. The multiple eflFect compressor takes in 
gas from two or more refrigerators at two or more 
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diflFerent suction pressures and temperatures on the same 
suction stroke of the compressor. The suction gas of the 
higher pressure helps to compress the lower suction 
pressure gas. The multiple effect compressor is thus 
enabled to have a capacity equal to or greater than that 
due to the highest suction pressure it uses, while it 
does part of its refrigeration at a low suction pressure, 
and requires less power than would two compressors of 
the ordinary design doing the same amount of refrigera- 
tion at the two suction pressures, or than would be 
required if all the refrigeration were done with a larger 
compressor at the lowest suction pressure. 

As two or more plains of temperature are or can be 
used in most all refrigerating or ice making plants, the 
adaptability of the multiple effect compressor will be 
apparent. For example, a multiple effect compressor 
operating at 15 and 30 lbs. gauge suction pressures will 
do refrigeration at the increased rate of the ratio of the 

30 + 15 
absolute suction pressures minus one or i 

45 15 + 15 

= 1 = 1.5 — ^i = .5, or 50% more of refrigera- 

30 
tion. In fig. 3 liquid ammonia flows from condenser G 
through pipe 10, 11, 12 to expansion valves 31 and 32. 
In expansion coil H the gas expands at, say, 18 lbs. 
gauge back pressure, and in expansion coil J at, say, 
29 lbs. gauge back pressure,. The vapour from coil H 
flows to the compressor A through pipe 13, 14, and 
enters the compressor through suction valve E in the 
usual way, filling the cylinder with 18 lbs. pressure gas. 
When the piston C has reached the position shown in 
the figure, it uncovers the port K, and then the 29 lbs. 
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pressure gas from expansion coil J rushes into the 
cylinder through pipe 36, 16, and port K and com- 
presses the cylinder full of 18 lbs. pressure gas to 
29 lbs. pressure, and so makes room for additional 
29 lbs. pressure gas; then the piston covers port K on 
its return stroke and compresses the cylinder full of 
29 lbs. pressure gas and discharges it into the con- 
denser G in the usual manner. 





Fig. Sa. 



Fio. 3b. 



Any compressor, whether horizontal or vertical, 
single or double acting, wet or dry, can readily 
be made into a m^ultiple effect com^essor. Full 
description and tests of the multiple effect com- 
pressor are given in a paper by the author in 
Vol. 2, 1906, "Transactions of the American Society 
of Refrigerating Engineers," and in January, 1907, 
number of Ice and Refrigeration, also in the March 
and July numbers of lee and Refrigeration, 1905. 
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Fig. 3a is a valve in the piston type multiple effect 
compressor; fig. 3b is a valve in the piston type 
multiple eflFect compressor with a positively operated 
high suction pressure valve ; fig. 3c is a double-acting 
multiple eflFect compressor; fig. 3d is a double-acting 

1 




multiple eflFect compressor with a positively operated 
high suction pressure valve. In fig. 3a the piston 
is a little longer than the stroke ; in fig. 3c the piston 
is the same length as the stroke, and the cylinder 
twice the length of the stroke plus the width of the 
high suction pressure ports. Machines as large as 




Fig. 36. 



Fig. %t 



i5in. by 32in. have been fitted up for multiple eflFect 
compressors, and in one test made by the author on 
a i4in. by 32in. multiple eflFect compressor at zero 
and 7 lbs. suction pressure he actually obtained 89% 
increased capacity for 32% less power than if two com- 
pressors operating at zero and 7 lb. gauge suction 
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pressure had been used, or 68% more power than that 
used by the multiple effect compressor would have been 
required to do the same quantity of refrigeration with a 
larger non-multiple effect compressor, all at zero poimds 
suction pressure (gauge). Fig. 3e is a diagrammatic 
view of a multiple effect compressor with five effects, 
and fig. 3f is an indicator card from such a five-effect 
compressor. A multiple effect compressor with six 
effects will do 400% more refrigeration at the same 
speed and displacement as it would do if making 
plate ice at zero poimds gauge sucti<Hi pressure if it 
did refrigeration in the following stages. 

Gauge Suction 
Piessuie. 

Plate ice 

Can ioe 15 

Bieweiy 26 

ForeoooleiB 35 

BaudelotB 45 

Air coolers for blast furnaces, or for cooling living rooms 60 J* 

Fig. 3g shows the relation of indicator cards from 
a common and a multiple effect compressor, and are 
thus explained: 

In analysing the action of the compressor by the 
use of diagram i, A A is the atmospheric line, W 
is the vacuum line, Vbj the absolute suction pressure 
in the compreijsor cylinder at the end of the suction* 
stroke, a^ b^ is the suction line, b^ Ci the compression 
curve, Ci d^ the discharge line, and d^ a^ the drop 
in pressure from the end of discharge to the beginning 
of the next suction stroke. 

If the temperature of the gas at discharge is constant, 
then for a given discharge pressure the length of line 
Cj di is proportional to the weight of gas pumped, and 
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therefore a measure of the refrigeration done by the 
compressor. If line c^di were twice as long the 
compressor would be doing twice as much refrigera- 
tion, and if the line c^d^ were half .as long the com- 
pressor would be doing half as much refrigeration. 
With the suction gas at constant temperature, if the 
absolute suction pressure Vb^ were twice as much the 
compressor would be doing twice as much refrigera- 
tion, and if half as much then the compressor would 
be doing half as much refrigeration. 

Let indicator diagram 2 be taken from a compressor 
of half the displacement and at the same discharge 
pressure of that of diagram i. Here the suction 
pressure Vb^ and the discharge line Cjda are twice 
as long as the suction pressure Vb^ and the discharge 
line Cjdi of indicator diagram i, so that this com- 
pressor, of one-half the displacement of that of 
diagram i, pumps gas twice as dense, and so does 
just as much refrigeration, as the compressor of twice 
the displacement. 

Place diagram 2 on diagram i, as shown in 
indicator diagram 3, so that vacuum lines V V and 
discharge points d^ and da coincide. As the suction 
pressure Vb^ is greater than the suction pressure Vb^, 
it will be evident that if a compressor is properly 
designed gas at the higher suction pressure will flow 
into the cylinder that is already full of low pressure 
gas until the lower pressure gas has made room 
for and been compressed by the high suction pressure 
gas to its high pressure. A cylinder so designed 
and operated I have called a Multiple Effect G>m- 
pressor (hereafter referred to as M.E.C.). Its 
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Fig. 3g. 
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etical indicator diagram is the outside bounding 
line of diagram 3 and its action is — suction of low 
piessure gas on line a^ b^, inflow of high suction 
pressure gas at b^, and compression of low pressure 
gas thereby to bg, without the aid of energy from the 
steam engine; compression of the gas from bg to Cg 
and its discharge to di dg and drop of pressure to the 
beginning of the next suction stroke a^. The M.E.C. 
diagram 3 shows that at the same speed and with 
the same displacement as the compressor that made 
diagram i the M.E.C. did all the refrigeration done 
by the diagram i compressor plus that which was done 
by the diagram 2 compressor, so that it produced 
100% more refrigeration than did the compressor of 
like displacement operated at the same speed and at 
the same low back pressure. 

ABSORPTION MACHINES. 

The absorption machine has a refrigerator and 
condenser similar to that of the compression machine, 
uses the same weights of ammonia per ton refrigeration 
for the same refrigerator and condenser pressures, and, 
broadly, differs only in that the ah^orher takes the 
pUice of the suction stroke of the cottvpressor and the 
still or generator takes the place of the compression 
stroke of the compressor, (In its simplest form, 
ammonia vapour from the refrigerator is absorbed by 
weak liquor (a combination of water and ammonia, 
called aqua ammonia) in the absorber, the heat of 
absorption being taken out by cooling water. The 
weak liquor then becomes strong liquor, and is pumped 
by a liquor pump from the absorber into the generator, 
wherein the ammonia is distilled from the strong 
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liquor by the action of heat, as by steam coils, and 
the resultant weak liquor returns to the absorber to 
repeat the cycle, and the distilled ammonia vapour 
from^the generator is condensed in the condenser, and 
passed through the expansion valve to the refrigerator, 
and there evaporated in doing refrigeration, and is 
returned as vapour to the absorber and the cycle 
repeated. 

In modern absorption machines the following 
additional apparatus is used: An exchanger, to 
give part of the heat of the hot weak liquor to the 
cold strong liquor; and a rectifier, to remove the 
water vapour from the vapour from the generator 
before it is condensed in the condenser. Everything 
before said about refrigerators, condensers, liquid lines, 
etc., refers to the absorption machine as well as to the 
compression machine. 

It is often erroneously stated that an absorption 
machine requires more and colder water than does a 
compression machine. Later, figures will be given 
for an absorption machine operated with the same 
quantity of water at the same temperature as a com- 
•pression machine, and a comparison of results and 
economies and efficiencies. It is true that the use of 
an excess of water will give better results with an 
absorption machine than the same quantity of water 
will with a compression machine, for such an increase 
of water will not increase the capacity of a compres- 
sion machine or its efficiency as much as it will 
increase the capacity and efficiency of an absorption 
machine. 

One of the greatest drawbacks to the absorption 
machine is the improper proportioning or operation of 
its different parts. 

39 



REFRIGERATING MACHINES. 

A compression machine with a given condenser 
and refrigerator, and with liquid to the expansion 
valve, must, if the compressor is in good order, give 
positive results nearly in proportion to the speed of 
the compressor. For every suction stroke made a dis- 
charge stroke must also be made, while in the absorp- 
tion machine there is no positive action of the various 
pieces of apparatus, and the good or bad work of the 
designer of the absorption machine and the condition 
of each piece of apparatus and the personal equation 
of the operating engineer, all make very radical differ- 
ences in the economy, capacity, and efficiency of the 
absorption machine, for here the old saying that a 
chain is no stronger than its weakest link is well borne 
out. A poorly constructed or operated absorber 
exchanger or generator or any part of the absorption 
machine apparatus will change the operation of the 
entire combined apparatus approximately to the low 
capacity, economy, or efficiency of the poorest of any 
of these parts. 

In general, the following fundamental rules can he 
laid down for an absorption machine to give best 
results. The generator should have ample liquid 
evaporating surface to make dry gas. This is on the 
same principle that vertical steam boilers do not give 
as dry steam as do horizontal steam boilers. As the 
partial pressure of the water vapour in the gas to the 
rectifier bears a direct relation to its temperature, and 
also a direct relation to the weight of water vapour in 
the combined water and ammonia vapour, it is essential 
that the temperature of the gas to the rectifier should 
be as low as possible, so that the least possible water 
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vapour goes to the rectifier. The drip liquor returned 
to the generator from the rectifier should be as hot as 
possible, for otherwise it contains too much ammonia. 
The temperature of gas from the rectifier to the con- 
denser should not be over from lo^ to 50^ hotter than 
the condensing temperatures of the gas, for otherwise 
it will carry over water vapour to the condenser. The 
gas from the rectifier to the condenser should not be 
too near its condensing temperature, as if so too much 
ammonia will be condensed in the rectifier. The 
exchanger should exchange upwards of 90% of the heat 
of the hot weak liquor to the cold strong liquor. The 
quantity of strong liquor pumped per lb. of anhydrous 
ammonia circulated in the refrigerator should be such 
that the combined heat required to heat the strong 
liquor to the temperature of the weak liquor plus that 
to re-evaporate the condensed water vapour and 
ammonia (drip liquor) returned from the rectifier is a 
minimum. For well proportioned machines this is 
found horn both practice and theory to be between seven 
and eight; that is, seven to eight lbs. of strong liquor 
are circulated for every lb. of anhydrous ammonia cir- 
culated in the refrigerator. The strength of the strong 
liquor depends upon its temperature and pressure, as 
it leaves the absorber, and the strength of the weak 
liquor depends upon its temperature and pressure as 
it leaves the generator. 

In the results to he given the author has used the 
data from upwards of hundreds of tests made by him 
of dbsorption machines of various makes. In order 
to properly work up such results the author has had 
to build up data that have taken him years of practice, 
experiment, and research to perfect. 
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The principal, data required are as follows: The 
relation of pressure and temperature of various strengths 
of aqua ammonia. The specific gravity of aqua 
ammonia at different temperatures and pressures. The 
co-efficient of expansion of various strengths of aqua 
ammonia at different temperatures. The partial pres- 
sure of water vapour in ammonia vapour at various 
temperatures and pressures. The heat of absorption 
and disassociation of ammonia in water at various 
differences of percentages of ammonia in water. The 
efficiency of pipe surface in generators, absorbers, 
exchangers, rectifiers, etc. Formula for the operation 
of generators, absorbers, exchangers, rectifiers, etc., 
for fixed conditicms. 

One of the most difficult matters to adjust to my satis- 
faction was to obtain the true percentage of ammonia 
in aqua ammonia. The usual form of floating hydro- 
meter is of absolutely no value for any except the 
crudest practical determinations. The personal equa- 
tion of the observer and the great variation of the per- 
centage of ammonia for a small variation in the hydro- 
meter reading is sufficient to defeat the possibility of 
good results. For accurate results, the author used 
the Westphal Balance, and found that even then no 
correct results could be obtained with the temperature 
of the aqua ammonia anywhere near its boiling point. 
The 60*^ Fahrenheit temperature standard for hydro- 
meters usually used is altogether too high, as many 
strengths of aqua ammonia cannot exist at atmospheric 
pressures at 60® Fahr., so that the author established 
for his work a standard temperature of — 30*^ Fahr. 
for all hydrometer readings, to which temperature all 
liquors are reduced when being examined by the 
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Westphal Balance. The use of the Baum^ scale is of 
no value for aqua ammonia, and not only forms an 
unnecessary step that confuses operating engineers, but 
also is quite misleading, for the relation of Baum6 
d^rees and percentages of ammonia in a solution is 
arbitrary, and requires the use of tables to transform 
the results to percentages of ammonia that are quite 
unnecessary and open to error. For example, io% 
aqua equals 16^ Baum^; 20% aqua equals 22® Baum^; 
30% aqua equals 27*^ Baum^, approximately. If the 
difference between strong and weak liquor were to be 
10%, then with io% and 20% aqua there would be a 
difference of 6® Baum^, while if the difference were to 
be io% with 20% and 30% aqua, the difference would 
be only 5*^ Baum6. // a floating hydrometer is v^ed 
at all, it should he marked in percentages of ammonia 
and not in Ba/umS degrees. 

In the data to follow exchangers have been used that 
exchange 90% of the available heat of the hot weak 
liquor to the cold strong liquor, and it is assumed that 
the liquor pump pumps 8 lbs. of strong liquor to i lb. 
of anhydrous ammonia evaporated in the refrigerator, 
and that the surfaces of absorber, rectifier, analyser, 
and generator are what one would find in a first-class, 
up-to-date, modem absorption machine, and when a 
special generator is referred to it means one with a 
larger steam coil surface than is commcxily used for 
standard machines, and one which is practical as to 
first cost. 

In fig. 4 an absorption machine is shown operated 
at 15 lbs. suction and 170 lbs. condenser gauge 
pressures, and using two gallons of condensing water 
per minute per ton of refrigeration for the condenser, 

43 



REFRIGERATING MACHINES. 

rectifier, and absorber, and doing one ton of refrigera- 
tion per twenty-four hours. Here 30.9 lbs. of dr}^ 
steam not superheated at 38 lbs. gauge pressure is 
condensed in the coils of the generator in evaporating 
32% strong liquor to 22.3% weak liquor; 3.01 lbs. of 
weak liquor leaves the generator at 22.3% of ammonia 
at 264*^, and gives up its heat in the exchanger, so that 
it flows to the absorber at 131°. In many machines 
using wet absorbers (a dry absorber is shown here), a 
weak liquor cooler is used, as shown, where the weak 
liquor from the exchanger is further cooled by cooling 
water, but as the author does not consider the weak 
liquor cooler necessary, he has not used it in the 
calculations to follow or in the operation of the 
machine shown in fig. 4. The weak liquor at 131*^ and 
22.3% now sprays into the absorber, and absorbs 
.43 lb. of ammonia vapour from the brine cooler, and 
becomes 3.44 lbs. of strong liquor of 32% and in**. 
The absorber here shown is the dry absorber, and has 
the greatest efficiency of any absorber of which the 
author knows. 

Another form of absorber largely used is the wet 
absorber, in which the absorber is full of liquor, the 
weak liquor coming in at the top and the strong liquor 
going out at the bottom, while the vapour comes in 
at the bottom and bubbles up through the liquor until 
it is absorbed therein. Dry absorbers seem to give 
higher absorption pressures than wet ones, but this is 
due mainly to improperly oormecting the gauge to the 
wet absorber; it should be connected at the bottom, so 
it will have the liquid head due to the height of the 
liquid in the absorber, as it will then only represent 
the total pressure at which the temperature and pressure 
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govern the strength of the strong liquor. The 3.44 lbs. 
of strong liquor (32% and 111°) is pumped by a liquor 
pump from the absorber through the exchanger into 
the analyser. In passing through the exchanger the 
strong liquor is heated and partly evaporated, so 
that it enters the analyser at a temperature of 224° as 
liquor of a little less than 32% ammonia and some 
gas, in all a weight of 3.44 lbs. Ammonia and water 
vapour are evaporated from the liquid surface in the 
generator, and flow up in contact with the shelves of 
the analyser, over which the combined strong and 
drip liquors are flowing down to the generator, the 
upward flowing gas being cooled and some water 
vapour and ammonia condensed, and the downward 
flowing liquor being heated and some water vapour 
and ammonia gas evaporated. The combined 
ammonia and water vapours leave the generator as 
.4982 lb. of the mixture at 234^ and 91% of ammonia 
vapour. 

This combined water and ammonia vapour 
passes up through the rectifier, and is cooled to 110°, 
and in so doing condenses the water vapour, which 
absorbs a quantity of ammonia due to its temperature, 
and this condensation (called drip liquor) flows in 
a counter curr^it down the rectifier in contact with 
the upward flowing hot gas, and finally flows out 
through the trap into the top of the analyser as 
.06821b. of drip liquor at 214® and containing 34% 
of ammonia. The cooling water flowing over the 
rectifier takes out the heat. .43 lb. of ammonia 
gas, now practically pure anhydrous ammonia, flows 
at no® to the condenser, wherein it is cooled to 90® 
and condensed to a liquid at 90**, the heat of con- 
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densation being taken out by the cooling coils. 
.43 lb. of anhydrous ammonia at 90*^ now flows 
through the expansion valve to the brine cooler, where 
its temperature is reduced to zero degrees, and it 
boils as a liquid in the brine cooler in cooling three 
gallons of brine per minute from 1 2^ to 3°, and passes 
off as a vapour at zero degrees, to be absorbed in 
the absorber, and the cycle repeated. Two gallons 
per minute of cooling water at 73*^ flows through the 
condenser, where it is heated to 86®, and .2 gallon 
of the 86° water goes to the rectifier, where it is 
heated to 142®, and 1.8 gallons at 86® goes through 
the absorber, where it is heated to 1 10°. 

Assuming the mechanical efficiency of the liquor pump 
to be .75, then the horse-power used in a liquor pump 
engine is .064 h.p., and if it were driven by a simple 
Corliss engine it would have a cylinder condensation of 
.46 lb. of steam per hour, and would deliver the 
balance of its exhaust steam to the generator at 38 lbs. 
gauge pressure to make a part of 30.9 lbs. of steam 
used in the generator, so that the total steam used 
in the generator and liquid pump would be 31.3^ lbs. 
per ton of refrigeration per twenty-four hours. The 
steam in the generator was used to make up the differ- 
ence in the heat not given back to the strong liquor 
by the weak liquor, to reduce the strong liquor to the 
weak liquor, and to re-evaporate the drip liquor. The 
heat taken out of the system by the condenser (220 
B.T.U.) plus the heat taken out by the absorber 
(383 B.T.U.) plus the heat taken out by the rectifier 
(03 B.T.U.), or a total of 696 B.T.U., equals the 
heat given to the system of 496 B.T.U. in the 
generator plus 200 B.T.U. in the brine cooler, or 
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696 B.T.U. The following table is with two gallons 
of condensing water per minute for condenser, 
absorber, and rectifier to do one ton of refrigeration 
per twenty-four hours. In this table the steam from 
the liquor pump is not exhausted into the generator, 
and the liquor pump is supposed to take steam at 
the rate of 30 lbs. per horse-power of engine driving 
the liquor pump per hour. The pounds of strong 
liquor to pounds of anhydrous ammonia evaporated in 
the refrigerator is eight to one. 



Saotion 
Piemures. 




GondeoBer Preflsines. 


140 


170 


200 





SI 

Wl 

S6 

SL 

SQL 


24% 
13.13% 
30.1 
1.7 
3L8 


22% 
10.86% 
4L3 
2.1 
43.4 


18% 

6.28% 
48.7 

2.4 
61.1 


15 


SI 

Wl 

SG 

SL 

SGL 


26.76% 
27.9 
1.6 
29.5 


32% 
22.3% 
30.9 
1.9 
32.8 


28% 
17.7% 
34.1 
2.3 
36.4 


30 


SI 

Wl 

SG 

SL 

SGL 


& 

22.9 

1.4 

24.3 


38% 
29.16% 
26.2 
1.8 
28.0 


36% 
26.9% 
27.9 
2.2 
30.1 



SI = strong liquor. Wl = weak liquor. SG = 
lbs. of steam per ton of refrigeration per hour for the 
generator. SL = lbs. of steam per ton of refrigeration 
per hour for the liquor pump. SGL = lbs. of steam 
per ton of refrigeration per hour for the generator and 
liquor pump. The pressures given are in lbs. per 
square inch gauge. 

Referring again to fig. 4, the compression machine 
here takes .431b. of vapour from the brine cooler at 
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15 lbs. and zero degrees, and compresses it to 170 lbs. 
at 224®, and discharges it into the condenser, where 
it is cooled to 90° and condensed to a liquid at 90°, 
the compressor adding 59 B.T.U. to the gas due to the 
heat of compression, the water jacket taking out 24% 
of the heat of compression, or 14 B.T.U., leaving 
215 + 45 = 260 B.T.U. to be taken out by the con- 
denser. The heat balance for the compression machine 
has not been made up here, as there are certain 
elements relating to the friction of compressor and 
latent heats of evaporation and condensation that will 
not be discussed in this paper ; and the same questions 
of latent heats of condensation and evaporation 
affect the approximate heat balance shown for 
the absorption machine, so that that heat balance must 
not be considered correct, but only as indicating how 
such a heat balance may be made up from the heats 
received and rejected by the ammonia in its various 
stages in the cycle. 

The engine in fig. 4 that drives the com- 
pressor is a simple Corliss engine, and exhausts 
into the atmosphere (or it could exhaust into the 
generator). It will take 28 lbs. of steam per horse- 
power per hour, and so will for 1.87 h.p. use 
1.87 X 28 = 52.4 lbs. steam per hour per ton of 
refrigeration, exhausting into the atmosphere. 

The relative capacities of compression and absorp- 
tion machines taken at the suction and condenser gauge 
pressures given are shown in the following table, 
where C equals the relative compressor capacity and 
A the relative absorption machine capacity, being 
referred to a capacity of i at 15 lbs. suction and 
170 lbs. gauge condenser pressure. 
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The relative surfaces of condensers are in about the 
ratio of one for the compression to .84 for the absorp- 
tion machine. The ccxidenser temperatures used are 
80^, 90^, and 100^ for 140, 170, and 200 lbs. gauge 



Suction 
Prauuiea. 




Condenser Preasuret. 


140 


170 


200 





C 

A 


.46 
.©7 


.43 

.94 


.41 
.91 


15 




A 


1.05 
1.03 


LO 
1.0 


.95 

.97 


30 


C 

A 


1.62 
1.09 


1.66 
1.06 


1.49 
1.03 



condenser pressure, and the temperatures of water to 
condensers used are 63"^, 73*^, and 83*^ for two gallons 
of water per ton of refrigeration per minute for 140, 
170, and 200 lbs. condenser gauge pressures. 

The same refrigerator or condenser cannot be used 
for an absorption machine and for a compression 
machine at the same time or intermittently, for the oil 
from the compression machine will become carbonised 
in the generator and create non-condensable gases in 
the condenser. 

From a careful study of a number of engine tests the 
following figures have been used for steam per indicated 
engine horse-power per hour (I.E.H.P.) for G)rliss 
engines, and for percentage of cylinder condensation. 
The percentage of cylinder condensation is included in 
the steam used for horse-power per hour, so that the 
figures for steam used for horse-power per hour are 
total. These figures are somewhat low, and will be 
difficult to realise with a slow running compressor 
except under full load and with most careful adjustment 
of steam and exhaust valves. 
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In the compression machine, the engine, if not 
operated at full load, will require about io% more 
steam for 50% overload, and about 30% more steam 
for 50% underload, while the steam consumption per 
ton of refrigeration for an absorption machine will be 
less for underload and very little more for overload. 



Lbs. of Stoam per 
LE.H.P. per Hour, Cylinder 
Typs 07 Enoins. inoiuding Cylinder Con- 
Condensation, densation. 



Simple non-condensing . . 
Compound non-condensing 
Triple expansion non-condensing 
Compound condensing 
Triple expansion condensing . . 



28 

ao 

17 
15 
13 



26% 
18% 
12% 



J2% 



The steam per ton of refrigeration per hour for com- 
pression and absorption machines has been calculated 
and the results given in Plate III. Here the com- 
pressor is operated first by a simple non-condensing 
Corliss engine, and, second, by a compound condensing 
Corliss engine. The liquor pump of the absorption 
machine does not exhaust into the generator, and is 
supposed to take 30 lbs. of steam per indicated horse- 
power per hour of the engine driving it. As none of 
the specific heat of the cold vapour from the refrigerator 
was used to do refrigeration in the compression machine 
system, so also none of that specific heat has been 
used in the absorption machine results. But this 
vapour can be used to advantage in the absorption 
machine, and will, if superheated 30°, increase the 
eflficiency and capacity about 3J4%, but let us call 
this equal to a possible loss of efficiency and capacity 
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due to a little water vapour carried over from the 
rectifier to the condenser. 

It will he seen from these curves that the economy 
of th-e absorption machine is miich better for all con- 
ditions than that of a simple non-condensing engine 
driven compressor^ and that at between 8 a/nd 10 lbs. 
gauge suction pressure that the economy of absorption 
and the compound condensing engine driven com- 
pressor is the same, and that at suction pressures above 
8 to 10 lbs. gauge the economy of the compound con- 
densing engine driven compressor exceeds that of the 
absorption machine, and thai the economy of the 
absorption machine exceeds that of the compound con- 
densing engine driven compressor at pressures below 
8 to 10 lbs. gauge suction. 

The three curves for the steam per ton of refrigera- 
tion per hour of the absorption machine may look quite 
simple, but it required the data from hundreds of 
absorption machine tests, and then nearly two weeks 
of constant application, to produce these curves, 
which, in so far as is known, are the first of the kind 
ever published. 

The following table gives the steam consumption for 
simple non-condensing and for compound condensing 
engine driven compressors and for absorption machines 
with liquor pump not exhausting into generator, at the 
suction and condenser pressures (gauge) given: 
SC = Simple non-condensing engine driven com- 
pressor. 
CC = Compound condensing engine driven com- 
pressor. 
A = Absorption machine, liquor pump not exhaust- 
ing into generator, total steam for generator 
and liquor pump. 
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Suction 
Piegsures. 






140 


170 


200 





8C 
CJC 
A 


78.3 
42.0 
31.8 


90.5 
48.4 
48.4 


104.0 
55.6 
51.1 


16 


SC 

A 

CC 


44.5 
29.5 
23.8 


52.5 
32.8 
28.0 


61.4 
36.4 
32.7 


30 


SC 

A 

CC 


31.1 
24.3 
16.6 


37.2 
28.0 
19.0 


44.5 
30.1 
23.9 



To produce one ton of refrigeration at Sj4 Ihs. 
8v>ction and 170 lbs, gauge condenser pressure , about 
3.6 times as many heat units are actually used by an 
absorption machine as by a compression wachiner (com- 
pound condensing engine driven), but, owing to the 
low efficiency of the steam engine, due to the heat 
wasted in exhaust and by cylinder condensation, the 
actual weight of steam used per ton of refrigeration per 
hour is the same for both absorption and compound 
condensing engine driven com^pressor. 

What may be of most general interest in a paper of 
this kind is the ice-making question, and as that 
question will be dealt with in other papers, we will 
here only apply the refrigeration as has been calculated 
for the production of plate ice, and in the figures to be 
given it has been assumed that the generator of the 
absorption machine is a special generator (that is, one 
having considerably more steam coil surface per ton 
of refrigeration than is used in the standard makes of 
absorption machines). 
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It is assumed that 1.6 tons of refrigeration are 
required to produce one net ton of plate ice as 
harvested, and that .4 horse-power per net ton of ice 
will be required to operate all auxiliary machinery, 
including everything, such as electric lights, water 
pumps, brine pumps, etc. The following tons of ice 
per ton of coal (2,000 lbs. equal one ton) have been 
deduced for boilers evaporating 8.5 lbs. of water per 
lb. of coal, with 73° water (to be made into ice) to the 
fore-cooler, and 15 lbs. suction and 170 lbs. gauge con- 
denser pressure and 30 lbs. suction gauge pressure for 
the high suction pressure of the multiple effect com- 
pressor. The figures given are only 80% of what one 
would obtain with best operation of plant at 8^ lbs. 
water evaporated per lb. of coal in the boiler. In other 
words, the figures given below can, with best opera- 
tion, be increased to an amount arrived at by dividing 
the figures as given by .80. The figuru given are 
such oi the atUhar would be uniting to guarantee for 
any plant erected entirely according to his design and 
under his supervision. 

Where the absorption machine is used in 
combination with the compression machine or with 
the multiple effect compression machine, all of the 
exhaust steam from the engine driving the com- 
pressor, the liquor pump, and the auxiliary machinery 
is exhausted into the generator of the absorption 
machine, and all apparatus, such as compressor, liquor 
pump, and auxiliaries of every kind, are driven by 
one engine of the type designated. The percentage of 
the ice made by the absorption machine in combination 
with a compression or multiple effect compression 
machine is also given : 
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Type of Refrigerating Maohine and 
Type of E^sme. 



Net Tons 
of Ice 
per Ton 
of Coal. 



% of loe 

by 

Absorption 

HacMne. 



Compreision, simple Corliss engine, non- 
condensing 

Compression, simple Corliss engine, non- 
condensing, multiple effect 

Compression, compound Corliss engine, 
non-condensing . . ^ 

Compression, tn^e expansion, Corliss 
engine, non-condensing 

Absorption, liquor pump and auxiliaries, 
not exhausting into generator, simple] 
non-condensing engine 

Compression, compound, non-condensing 
engine, multiple effect 

Compression, compound condensing engine 

Compression, triple expansion engine, non- 
condensing, multiple effect 

Compression, triple expansion engine, con- 
densing 

Absorption, liquor pump and all auxiliaries 
exhausting into generator, simple 
Corliss engine, non-condensing 

Compression and absorption, simple 
Corliss engine, non-condensing 

Compression, compoimd Corliss engine, 
condensing, multiple effect 

Compression and absorption, simple engine, 
non-condensing, multiple effect ...... 

Compression and absorption, compound 
engine, non- condensing . . . ; 

Compression, triple-expansion condensing 
engine, multiple effect 

Compression and absorption, triple-expan- 
sion non-condensing engine 

Compression and absorption, compound 
non-condensing engine, multiple effect 

Compression and absorption, triple-expan- 
sion non-condensing engine, multiple 
effect 



6.1 
7.6 V 
8.3 
9.7 

10.0 

10.8 
11.2 

12.8 

12.8 

13.3 
13^4 
14.5 
14.6 
16.0 
16.6 
17.6 
17.a^ 

19.5 



67.5 

61,5 
60.S 

58.0 
55.0 

51.8 



It is a pleasure to note that the highest rate of ice 
per ton of coal is obtained by a combination of the 
compression, multiple effect compression, and the 
absorption systems. 
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Tables of Temperatures, Proportions and 
Capacities. 

Reprinted from " loe and Cold Storage Trades* Diractory, 1909 '* 

rnou 1 &B. to 900 ut. 
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ToulM-«it 
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1 


9-0875 


109- 


1,048-05 


1.14«<» 


90.890 


•0099 


•087 


6 


10-1875 


169-37 


9-96 


1^1-9 


1,163-46 


*9^89 


4.697 


-0185 


-167 


10 


90-375 


198 90 


4-98 


979-60 


l,17i-80 


1-80 


9.499 


•0957 


•818 


1« 


80-5695 


91307 


8-47 


965-85 


U78-99 


1-06 


li660 


•0878 


-468 


SO 


40-75 


998- 


9-8 


955-5 


1488-6 


•8 


U80 


•0487 


•604 


tt 


50-9870 


940-9 


9-8 


ST. 


1.187-9 


•7 


1.049 


•oooe 


•749 


80 


01195 


960-4 


9- 


1.190-8 


•6 


881 


•0707 


•877 


88 


718195 


9«9-8 


1-7 


988-7 


hm- 


•• 


764 


•^U 


1-019 


40 


«l-5 


967-8 


1-6 


9981 


1,195-4 


•4 


676 


•0991 


1-149 


48 


91-6875 


974-4 


1-4 


098-9 


1,197-6 


-4 


608 


'1095 


1-979 


80 


101-875 


981- 


1-8 


919-6 


i!igo-6 


-4 


659 


•1199 


1-409 


65 


119-0685 


987-1 


l** 


914-4 


1,901'5 


-4 


506 


•1989 


1-599 


€0 


199:95 


998-7 


1-1 


910-6 


1,908-9 


•3 


467 


-1885 


1-6C4 


C5 


189-4375 


998- 


l-l 


906-8 


1,904-6 


-3 


484 


•1486 


1-779 


70 


149-625. 


809-9 


I- 


903-4 


1.906-8 


•8 


406 


•1586 


1-904 


W 


159-8195 


«r7-5 


•» 


900-8 


1,907-8 


•8 


881 


-1686 


9-029 


80 


168- 


919- 


•» 


807-1 


1.909-1 


•9 


869 


•1786 


9-151 


88 


178-1875 


816-1 


•8 


804-8 


1.910-4 


« 


840 


^1888 


9471 


W 


188-875 
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81-99 
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84-20 


38-62 


-10 


9 


43-28 


41-84 


41-41 


40-97 


40-54 


40-10 


89-67 


89-28 


88-80 


— 8 


18 


48-81 
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62-64 
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10 


24 
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66-88 
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128-89 


112-24 


111-09 


109-94 


108-79 


107-64 


106-49 
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Tin .. O-Oy? i-J,00 

Lead 0002,i^TjM) 

Ziflo ooov;ni.70 
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Limestone 0000,8 
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SUkw 0-OOM 

Almnioiam 0O0S,8 

Pine wood torosewiae) . . . . 0-006,9 

HUtcwrj tin t>—» *o^) • ■ 0016,2 
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XXiSrera FaliirabaU. 
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78-8 
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96-8 
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0-848 
0-894 
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1-91 


670-06 


16-034 


-02392 


•0624 


41-«00 


14 


88 




846628 
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8-97 
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C2-9 
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B»M, 'bright poliihcd . 

Bnm, doad polMiad 

Copper 

GliU* 

Gold . .. . 

loe . 

IroB, cut, polished 

Iron, wroiwbt, poIi«b«d • 
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Mcroory 

Platinum, polished 

PUtinum, sheet 

Silver leftf on glass 

Silver, polished . 
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:. 9^ 


Zino 


50-6 


D'Aroet'saUoy .. 


.. 8-1 


Platinum .. 


48-8 


Meroory .. 


.. 51 


SUver • .. 


.. 87-8 







RBFRIGEaiAllNa MAGHIKB8. 



CMi4«awf 


^-. 


108 


no 


197 


ISO 


r 

16S 


168 


184 


200 


31« 




65« 


70" 


7JO 


00» 


W 


OOP 


05^ 


100* 


106* 


ReWgWMC 




41-40 

48-n 

44-40 


48-01 
46-88 
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7898 


T4-94 
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61 
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4 
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51 
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6-77 
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9 
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618 
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18 
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4-85 
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16 
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8-74 
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8-87 
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5 


20 
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10 


94 
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31 


S-D8 
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15 


98 
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9-71 


3-78 


9-76 
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90 
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35 


80 


3-06 
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80 
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85 


61 
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TABbB UMwixe nwnnn or Mt«iioii ur i 
(Chkride of Sodiam.) 



W«lgkl. 


-m 


«ao*F 


^Fc 




«Kf 


F.&U 


H* 




OHM 


4 


5*40 


1-007 


0-991 


80-5 


-0-5 




0-159 


8 


546 


1-015 


0-984 


395 


- 1-5 


t'5 


0*511 


10 


5-80 


1-019 


0-960 


38-6 


- 1-9 




0-156 


11 


5-68 


1038 


0<>76 


37-8 


-1-5 


85 


0-800 


14 


8-56 


l-0<5 


0-973 


37-1 


-1-7 




0844 


15 


8-69 


lOSO 


0-966 


26-5 


. 8-0 




0-485 


10 


8-65 


1037 


0-960 


85-1 


- 8-8 




0-538 


14 


8-73 


1-045 


a.-945 


25-9 


- 4 5 




0-517 


» 


8-78 


1-065 


0-951 


38:5 


-55 




0-708 


51 


8-85 


1-061 


(h9l9 


31-3 


- 60 




0-803 


55 


8-91 


1-068 


0-905 


199 


- 6-7 


10 


0-897 


40 


8-97 


1-075 


0-881 


18-7 


- 7-4 


11 


1-091 


48 


9-10 


1-001 


0-874 


16-0 


-8-9 


15 


1-889 


50 


915 


1-115 


0-855 


183 


-H-0 


20 


1-918 


80 


9-54 


1-155 


0-899 


6^1 


-144 


34 


3-875 


95 


9-90 


1187 


0796 


l-l 


-171 


35 


l-48» 


100 


9-97 


1-J06 


0-788 


0-5 


-17-8 


M 


1-5M 
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10^04 
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Iha. 


B.T.0 


B.T.U. 


CvUe fML 
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-89 


5-56 


—19-66 


176-99 


15-17 


•078 


-15 


7-15 


-16-80 


174-95 


1037 


•097 


— 4 


9-17 


-18-05 


173-89 


8-13 


•190 


-5 


11-76 


-9-79 


170-82 


6-50 


•155 


14 


14-74 


-6-65 


168-78 


5-35 


•190 


15 


18-51 


— 5-17 


166-65 


4-39 


•381 


81 


13-55 
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164«51 


5-54 


•Ml 


41 


17-48 


5-37 


153-58 


3-98 


•840 


50 


S5'15 


6-65 


160^ 


8-45 


-407 


69 


59-95 


9-88 


158-07 


3-07 


-488 


08 


47-61 


1511 


155-89 


1-75 


•570 


77 


56-89 


15-59 
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86 
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1-37 


•780 


95 
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33*96 
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84 
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«4 


68 


65 
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•758 
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•898 


li 
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li 


1^14 
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•788 


•788 
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•658 


•698 
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9 
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•977 
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•870 


•880 
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H 
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144 
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8 
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9-01 
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910 
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s 
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6 
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7 
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8 


6^ 
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4-69 


4-90 


8-91 
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9 
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8-99 
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8-68 


10 
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4-69 
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19 
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6-89 
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DIMENSIONS OF CONDENSESS. 
The following UblM. compiled by Skinklo. giv« tlio dimowMOOfl o( both ■obmerfed 
and iititKMphMio condmaera at some plant* in aotoal operation, and »Uov mooii mor* 
pip* for tbo atmoapherio than for tho aabmarged condenaer : 





*«• 












^ .1$.. 


1 


ll 




k 


H 


w 


¥. 


i 


I 


1- 


n 


1" 


^^ 


35 


21 


108 


8 


S.16 


40 




1 


17 


8.680' 294-4 


147-2 


so 


85 


24 


10^ 


8 


8.16 


40 




1 


21 


4.440! 2i«- 


lxO-8 


80 
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21 
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40 


75 
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14 
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21 
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60 
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14 


8 


8.16 
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21 
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60 
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14 
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8.16 


80 




pipe 


21 
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80 
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27 


17 
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80 
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lln. 


84 
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ton. 


m- 
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2684'i|l4212J 










Aver 
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ton. 
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<80 
85 
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76 
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8.16 
8.16 
8.16 
8-16 
8.16 



855 
1.90O 
2.090 
2,S75 
3.665 
5,180 
7.695 
9.975 



171- 

190- 

167- 

101-6 

126-26 

171- 
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4ia. Cast Iran Pipe*. 


Number of expurimani .. 

Temperatare of tbe atmoi- 1 

pheieFahr [ 

peratnreaof the water, 
andiboairFahr. 
Total heat emitted per 

asT *!?' r. ""^i 

Heat emitted per P F. i 
differeaoeof temperatoro • 
Unite ) 


1 
68* 

ioe»-7 

288-7 
2-25 


S 
88» 

104-4 
2-11 


8 
52*5 

25»-4 

46-45 

1-88 


4 
58» 

14'»-8 
19-7 
1-89 


1 

er-8 

99-5 
1-59 


2 

eop 

45»-8 

69-9 

1-58 


8 
60» 

«r-9 

49-6 
1-46 


4 
59* 

27^• 
38:^ 

1-40 



REFRIGERATING MACHINES. 



Th0 heat xad% buad on th* emtlgrada «r Olstu icaU npnienU the amonn* 
•«f h«at raqnind to ni— ono kilognmiDo of w»tar from 0" to 1* C. Thi* is knowik 
M » "oalorM.'* The Britlah thermal anit i«pr«Mnt« the unoont of heat required 
«o nkiae one poud of water from 13* to 8S« F. 



GOorfM. 


■iMth TbwBlil Ualtt. 1 CftloriM. 


BrUlah Tkcnul Unlu. 




8-96 


60 


98616 




7-92 


70 


176'19 




11-08 


78 


997- 




15 84 


80 


816-8 




U^ 


90 


866-4 




»76 


100 


896- 




97-79 


188 


496- 




3168 


1(0 


894- 




Sf-<4 


175 


698- 


10 


88-8 


900 


799- 


IS 


88^ 


980 


990- 


90 


79-1 


800 


1188- 


U 


99- 


400 


1581- 


80 


118-8 


COO 


I960- 


40 


liO-4 


750 


9970- 


M 


198- 


1800 


8960- 



T«g«j««- 




CbfiL. 


Ammonia. 
NH, 


CBriMeh 
AcM. 


rlht. 


SO,. 




CO, 


29 


0-87 


0^76 


118 




-18 


0-60 


0^ 


1-40 


171 


- 4 


0-60 


110 


1-80 


19-9 


6 


0-80 


1-49 


9-80 


881 


14 


1-04 


1-79 


980 


96-7 


98 


1-95 


901 


8-40 


804 


89 


1-50 


9-48 


490 


86-8 


41 


1-80 


9^ 


500 


40-8 


50 


9-80 


8-51 


6-00 


46-1 


50 


9-70 


4-95 


710 


59-9 


60 


8-90 


4-89 


8-40 


56-8 


77 


8-80 


5-09 


9-80 


66-0 


86 


4-50 


6-50 


11-40 


78-8 


96 


8-90 


7-50 


18-90 


89-8 


104 


610 


8-7fr 


15-80 


. 91-0 


118 


710 


lOrW 


17-50 


* 96-5 
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BOOKS 



ON 



ICE-MAKING and 
REFRIGERATION. 



Publie Abattoirs and Cattle Markets. 

From the German of Oscar Schwarz, M.D. Director of the Publie 
Slaughterhouse and Cattle Yards, Stolp. Edited by G. T. Harrap, 
A.M.I.C.E., M.I.M.E., etc., and Loudon M. Douglas, A.E.I.M.E., 
M.S.A. The first work of its kind published in English. It b a com- 
piete treatise and book of reference to all interested in the construc- 
tion, equipment, and management of abattoirs. Handsomely bound 
in cloth, 500 pages. Over 200 illastrations. Third edition. Price 21s. 
« « « 

Refrigerating and loe-making Blachinery. 

A descriptive treatise for the use of persons emi^oying Refrigerating, 
and Ice-making Installatbns, and others. By A. J. Walus-Tayler^ 
A.M.Inst.CE. Third edition, 7s. 6d. 

« * » 

Refrigeration, Cold Storage, and lee-making. 

A practical treatise on the art and science of refrigeration. By A. J. 
Walus-Taylbr, a M.Inst.C.E. Medium 8vo, cloth, 600 pages, 360 
illustrations, 15s. 

» ♦ » 

Poeket-book of Refrigeration and loe-making. 

By A. J. Wallis-Tayler, A.M.Inst.CE. Third edition. Small crown 
8vo, cloth, 3s. 6d. 

* * ♦ 

Meehanieal Refrigeration. 

By Hal Williams, A.M.I.Mech.E., A.M.I.M.E. A practical introduc- 
tion to the study of cold storage and ice-making. Cloth, crown 8vo» 
ITS illustrations, los. 6d. 

* -it * 

Praetieal Cold Storage. 

The most complete work on cold storage yet issued. The first work 
ever published in which the business of cold storage in all its varied 
applications to commercial and industrial life has been thoroughly and 
exhaustively treated. By Madison Cooper, C.E. 500 pages, profusely 
Ulustrated. Cfeth, 14s. 

« « » 



Maehinery for Refrigeration. 



A work of over four hundred pages, with upwards of two hundred 
illustrations, describing every type of modem refrigerating and ice- 
making machine and appliance. By Norman Selfs, M.B., C.B. 
Qoth, 14s. 

[over 



BOOKS ON I0E4IAKIII0 » HgFRICBtATtPII (Continue^ 
Refrigeration in the Dairy. 

By Ijoo^mdv M. Douglas A.M.I .Mecfa.E. Royal 8vo, 8S. 
» « * 

Compend of Mechanieal Refrigeratton. 

A comprehensive digest oi Applied Eaergetics and Thenno-dynamies 
lor the practical iiw of loe Manufactarers, Cold Storage Men, Coti' 
tractoit, Engineers, Brewers, Packers, and others interested in the 
a{>plication of Refrigeration. By J. E. Siebel, Director Zymotechnio 
Institute, Chicago. Seventh Mition, 8vo, cloth, X4S. 6d. net. 
« « * 

The Modem Packing House. 

A complete Treatise on the Designing, Construction, Equipment, and 
Operation of a Modem Abattoir and Packing House, according to 
present American Practice. By F. W. Wilder, the leading authority 
in the United States upon all matters relating to the packing bouse 
industry, soo pages, profusely illustrated. Cioth, 40s. 

* * * 

Indicating the Refrigerating Machine. 

By Gardmbr T. Voorbebs. Simple, practical tables for applying the 
true oominessioa curve to the indicator card. Cloth, 4:1. 6d.; 
morocco, 6s. 6d. 

» * « 

Refrigerating Machines^ Compression, Absorption. 

By Gardner T. Voorhees. Comparison of Capacities and Economies 
of Compcesaion and Absorption Systems, and of Combined Compression 
and Absorption Systems. Numerous original Diagrams. Cloth, 7s. 6d. 

* * * 

Theoretical and Practical Ammonia Refrigeration. 

A work of reference for engineers and others employed in the manage- 
ment of Ice and Refrigeration Machinery. By Iltyd I. Redwood, 
Assoc Mem. Am. Soc. of M.E., Mem. Soc. Chemical Industry, Enj^and. 
With twenty-five pages of tables. Third edi tion, revised and corrected, 
square i6mo, doth, 4s. 6d. 

it it at 

Ice-making Machines. 

The theory of the action of the various f orms ot cold-producing or 
so-called Ice Machines. Translated from the French of M. Ledoux. 
Revised and transformed to English Units by J. E. Denton, D. S. 
Jacobus, and A. Rbisenbbrgbr. i8mo, cloth boards, as. 
it * •¥ 

Refrigerating Memoranda. 

By JonN Levy. A Pocket-book of useful information and tables for 
refrigerating engineers. Limp morocco, 3s. 6d. 

T>!f ICE & GOLD STORAGE Go., Ltd., 

— 20, TUDOR ST.. LOITDOir. E.C. — 



Pulsomcter enQ!eX. 



ICE MAKING 

AND 

REFRIGERATING PLANT 

OH THB 

Ammonia Compression & CO3 Systems 



Our Machines have no com« 
plications, are exceptional If 
atron^t 6 consequently very 
eaay to run ai^d economical 
in upkeep and fuel. Special 
machines designed for hot 
climates. 

All our fittings are of steel 
cut from the solid. 

DHven hy Steam, Oil, or 
Gas Engine^ or KlectHc 
Motor. 
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